Introduction
The coxsackievirus-adenovirus-receptor (CAR) was originally found as a cell surface protein enabling both viruses to interact with cells (Bergelson et al., 1997; Tomko et al., 1997) . Besides this pathological role as a virus receptor, the physiological function of CAR is largely unknown. CAR is a type I transmembrane protein with two extracellular Ig-domains that can support homotypic cell adhesion of transfected cells (Cohen et al., 2001; Honda et al., 2000) . It belongs to the CTXsubfamily of the Ig-superfamily, consisting of proteins containing one V and one C2 Ig-domain (Du Pasquier et al., 1999) . Some of the members of this subfamily are found at endothelial and/or epithelial tight junctions, such as the junctional adhesion molecules (JAM-A, -B and -C) (AurrandLions et al., 2000; Ebnet et al., 2004; Martin-Padura et al., 1998) and endothelial-selective cell adhesion molecule (ESAM) (Hirata et al., 2001; Nasdala et al., 2002) . The latter is selectively expressed on endothelium and platelets, and is structurally most closely related to CAR.
The tissue distribution of CAR is complex and developmentally regulated (Philipson and Pettersson, 2004) . Most studies analysing its tissue distribution are based on mRNA expression data and only a few have directly analyzed the expression of the protein. Strong expression of the CAR protein was found in the central and peripheral nervous system of the mouse embryo as well as in various epithelia and in the heart (Tomko et al., 2000) . In adult rodents, CAR expression in the brain was low or absent, and restricted to the ependymal cell layer lining the ventricular system. CAR was abundantly expressed in the epithelia of trachea, bronchi, kidney, liver and intestine. The subcellular localization of CAR on tracheal epithelial cells was confined to epithelial junctions. Immunogold labeling showed co-localization with ZO-1, suggesting its association with tight junctions (Cohen et al., 2001) . Others suggested that CAR is located at the lateral surface of epithelia beneath tight junctions and that laterally released adenovirus binds to CAR thereby facilitating dissociation of epithelial cell layers and release of the virus toward the apical surface of the epithelial cell sheath (Walters et al., 2002) . Expression of CAR on endothelial cells was described in some reports (Carson et al., 1999; Nasuno et al., 2004; Vincent et al., 2004 ), yet others found no expression in endothelia (Fechner et al., 2003; Noutsias et al., 2001 ). These discrepancies suggest that the expression of CAR on these cells
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The coxsackievirus-adenovirus receptor (CAR) is a cell contact protein on various cell types with unknown physiological function. It belongs to a subfamily of the immunoglobulin-superfamily of which some members are junctional adhesion molecules on epithelial and/or endothelial cells. CAR is dominantly expressed in the hearts and brains of mice until the newborne phase after which it becomes mainly restricted to various epithelial cells. To understand more about the physiological function of CAR, we have generated CAR-deficient mice by gene targeting. We found that these mice die between E11.5 and E13.5 of embryonal development. Ultrastructural analysis of cardiomyocytes revealed that the density of myofibrils was reduced and that their orientation and bundling was disorganized. In addition, mitochondria were enlarged and glycogen storage strongly enriched. In line with these defects, we observed pericardial edema formation as a clear sign of insufficient heart function. Developmental abnormalities likely to be secondary effects of gene ablation were the persistent singular cardial atrio-ventricular canal and dilatations of larger blood vessels such as the cardinal veins. The secondary nature of these defects was supported by the fact that CAR was not expressed on vascular cells or on cells of the vascular wall. No obvious signs for alterations of the histological organization of the placenta were observed. We conclude that CAR is required for embryonal heart development, most likely due to its function during the organization of myofibrils in cardiomyocytes.
is regulated by inflammatory mediators. Indeed, Vincent et al. showed recently that TNF-α can downregulate CAR expression in endothelial cell cultures (Vincent et al., 2004) .
Regulation of CAR expression has also been described for cardiomyocytes. Whereas CAR is very strongly expressed in cardiomyocytes of the embryonal and newborn heart, it is strongly reduced in the adult heart of rats (Kashimura et al., 2004) as well as humans (Fechner et al., 2003) . Interestingly, CAR is strongly induced in cardiomyocytes of the adult rat heart by experimental autoimmune myocarditis (Ito et al., 2000) . In addition, myocardial infarction in the rat led to a strong upregulation of CAR expression in cardiomyocytes of the infarct zone (Fechner et al., 2003) . In human hearts, expression of CAR on cardiomyocytes was clearly found to be upregulated in several cases of dilated cardiomyopathy, whereas no expression was found in healthy tissue (Noutsias et al., 2001) . The weak or absent expression of CAR on cardiomyocytes of the adult and healthy heart in contrast to the strong expression of CAR on cardiomyocytes of the developing and diseased heart may suggest a role of CAR during the formation of functional myocardium.
To understand the physiological role of CAR, we have generated and analyzed mice carrying an inactivating deletion in the CAR gene. We found that these mice start to die at E11.5 in utero. Whereas no obvious placental phenotype was observed, cardiac development was clearly abnormal and delayed. The ultrastructural analysis of cardiomyocytes indicated that the normal formation of densely and regularly packed myofibrils was disturbed. Our results suggest an important role of CAR in the development of the heart.
Materials and Methods
Generation of CAR-deficient mice A genomic library (BAC-4925) derived from a mouse 129/SvJ II ES cell line was PCR-screened with the primers 5′-GGTTTGAGCATCAC-TACACCCG-3′ and 5′-TTCAATGTCCAGTGGT-CCCTGG-3′ for the presence of exon 2 of the murine CAR gene. The screen was performed in collaboration with Incyte Genomics. To construct the targeting vector, a 3.7 kb NheI fragment located 3′ of the first exon (3′ arm) was cloned into the targeting vector pTV0 (kindly provided by Carmen Birchmeier, Max-Delbrück-Center for Molecular Medicine, Berlin, Germany). The 5′ arm consisting of a 0.8 kb PstI/Eco52I fragment located 5′ of the start codon was subcloned into pBlueskript II KS+ (Stratagene) and then combined with the first construct to give the final targeting construct (Fig. 1A) .
Electroporation, selection and blastocyst injection of E14.1 ES cells (Kuhn et al., 1991) were performed in collaboration with Transgenics/Atugen (Berlin, Germany) essentially as described (Hogan et al., 1994; Joyner, 1993) . For Southern blotting, the genomic DNA was EcoRV/XhoI restricted and hybridized with two probes specific for the wild type and the targeted allele, respectively (Fig.  1A) . Chimeric progeny were identified by coat color, and chimeric males were bred to C57BL/6 females. DNA isolated from yolk sacs of embryos and tail biopsies were used for genotyping animals.
Journal of Cell Science 118 (15) Fig. 1 . Targeted disruption of the CAR gene in mice. (A) Targeting strategy. A map of the relevant genomic region containing the first ATG-containing exon of CAR (top), the targeting vector (middle) and the mutated locus after recombination (bottom) are shown. Dor25, GS3 and Neo2L represent oligonucleotides used for PCR screening. The positions of probes used for Southern screening are depicted as bars #1 and #2. E=EcoRV, X=XhoI. (B) Detection of wild-type and targeted alleles by Southern blot analysis. Genomic DNA of mice of the F1-generation was digested with EcoRV and XhoI and hybridized with the combination of probes #1 and #2. DNA of wild type (+/+) mice gave an 8 kb signal (EcoRV fragment), +/-heterozygotes gave an additional signal for the 6.4 kb EcoRV/XhoI fragment. (C) PCR analysis of genomic DNA with the oligonucleotides Dor25, GS3 and Neo2L described in A. A 1kb product is generated from the wild-type allele and a 1.5 kb product from the targeted allele. (D) Western blot of SDS-PAGE extracts of mouse embryos (E11.5) of the three different genotypes with antibodies against mouse CAR. Note that heterozygotes expressed less CAR protein than homozygous wild-type embryos. (E) Activity and specificity of affinity purified rabbit anti-mouse CAR antibodies illustrated by western blot analysis of mock transfected CHO cells and CAR-transfected CHO cells (as indicated). Molecular mass markers are indicated on the left. (F) Specificity control for affinity purified anti-CAR antibodies (VE15) used for indirect fluorescence staining of the heart region of E11.5 CAR +/+ and CAR -/-embryos (as indicated).
Transmission of the targeted CAR locus was confirmed by Southern blotting. Subsequent genotyping was done by genomic PCR using the primers Neo2L (5′-GGCATCAGAGCAGCCGATTG-3′, targeted allele), Dor25 (5′-CACTTCTAAATAACTTGCCCACCAAGACC-3′, targeted and wild-type allele), and GS3 (5′-ATCCCGCACA-AGAGCACGAAG-3′, wild-type allele). All analyzed mice had been backcrossed for six generations into the C57Bl/6 background. Embryonal lethality was always exclusively associated with the homozygous disruption of the CAR gene.
Expression vectors and transfections
For the generation of a mCAR eukaryotic expression vector fulllength mouse CAR (Gen Bank™ accession number: Y10320) was amplified with the Kozak sequence and HindIII site-containing sense oligonucleotide 5′-GCGAAGCTTCCGCCATGGCGCGCCTACTG-TGCTTC-3′ and the EcoRI site-containing antisense oligonucleotide 5′-GCGGAATTCCTATACTATAGACCCGTCCTTGCT-3′ using Platinum Pfx Polymerase (Life Technologies) and a template cDNA originating from total RNA of mouse heart. The PCR product was ligated into the pcDNA3 vector after digestion with HindIII and EcoRI (pcDNA3-CAR).
For construction of a mCAR-Fc fusion protein (for transfection of CHO cells), a cDNA fragment coding for the extracellular part of mouse CAR covering amino acid residues 1-235 (bp 1-705) was amplified from pcDNA3-CAR using the Kozak sequence and HindIII site-containing sense oligonucleotide 5′-GCGAAGCTTCCGCCAT-GGCCGCCTCTGTGCTTC-3′, the EcoRI-site containing antisense oligonucleotide 5′-GGAATTCACTTACCTCGGTTGGAGGGTGG-GCAAC-3′ and Platinum Pfx Polymerase (Life Technologies). After restriction digestion with HindIII and EcoRI, the PCR product was inserted in HindIII/EcoRI cut pcDNA3 in frame and upstream of a fragment of human IgG 1 (Gen Bank™ accession number: J00228) covering bases 553-1803 (hinge, C H 2, C H 3) yielding pcDNA3-CARFc. The cloned constructs were sequenced to confirm integrity. CHO dhfr -cells were stably transfected with pcDNA3-CAR plasmid or pcDNA3-CAR-Fc as described (Nasdala et al., 2002) . In another approach, a bacterially expressed GST-mCAR fusion protein was generated using the oligonucleotide primers Q1: 5′-CACCGG-ATCCTTGAGCATCACTACACCCG-3′ and GEX1. 5′-GGCTGC-GGCCGCGGGTGGGACAACGTC-3′ and the GST expresion vector pGEX-6P-1.
Culture of dispersed myocytes from single embryonic hearts Embryos were collected on embryonic day (E)11.5, and the yolk sac of each embryo was harvested for genotyping by PCR analysis. Embryonic hearts were isolated and the common ventricular chamber was used for the isolation of primary embryonic cardiomyocytes, which was done essentially as described (Kubalak et al., 1995) . Cells from the enzymatic digestion were placed in Dulbecco's modified Eagle's medium (with high glucose) supplemented with 15% fetal calf serum, 2 mM L-glutamine, and penicillin/streptomycin, plated on fibronectin-coated LabTec chamber slides (Nalge-Nunc, Wiesbaden, Germany) and cultured in a 10% CO 2 incubator at 37°C. Isolated myocytes were vigorously beating after 1-2 days in culture, and were fixed and stained after 3 days in culture as described below.
Antibodies A first rabbit antiserum (no. 32) was raised against a bacterially expressed GST-mCAR fusion protein. This serum was only used to demonstrate lack of the CAR protein in CAR-deficient mice by immunoblotting. For all subsequent experiments, affinity purified rabbit antibodies (VE15) were used that had been raised against a CAR-Fc fusion protein, produced in transfected CHO cells. For antibody purification, non-IgG proteins were removed from the serum by caprylic acid (Sigma) precipitation. Antigen-specific antibodies of the serum were affinity-purified on CAR-Fc immobilized on CNBrSepharose (Amersham Biosciences), and antibodies against the hIgGFc part were removed by incubation with immobilized human IgG. Rat monoclonal antibodies against ESAM [V1G8.2 (Nasdala et al., 2002) ], PECAM-1 [MEC13.3 (Vecchi et al., 1994) ] Endomucin [V.7C7 (Morgan et al., 1999) ], and β 1 -integrin (Lenter et al., 1993) have been described previously. The polyclonal rabbit anti-ZO-1 antibody (Z-R1, Zymed), the mouse monoclonal anti-sarcomeric α-actinin antibody (EA-53, Sigma), the mouse monoclonal anti-β-catenin antibody (clone 14, Becton Dickinson) and mouse monoclonal anti α-smooth muscle actin antibody (ASM-1, Chemicon) were commercially obtained. Monoclonal rat anti-N-cadherin antibodies were generated in the Vestweber laboratory and will be described elsewhere.
Embryological techniques and immunostaining
Only embryos that were alive, defined as those with a beating heart, were used for experiments. For whole mount staining with anti-PECAM-1 antibodies, embryos were fixed in 4% (w/v) freshly depolymerised PFA in PBS (4% PFA/PBS) over night at 4°C and stained essentially as described (Ma et al., 1998) . For histological examination of paraffin sections, embryos and placentas were fixed in 4% PFA/PBS over night at 4°C, dehydrated, embedded in paraffin, and sectioned at 4 μm, according to standard procedures. Sections were dewaxed, rehydrated, and counter-stained with hematoxylin and eosin. Immunostaining on PFA-fixed specimens was performed as described previously using the Vectastain ® Elite ABC kit (Vector Laboratories) to detect the primary antibodies. For Cryostat sections, freshly prepared embryos and placentas were rinsed in PBS, embedded in Tissue Tek ® O.C.T. (Sakura Finetek), frozen on dry ice, and stored at -80°C before cryosectioning. Cryostat sections (8-10 μm thick) were cut using a cryotome (model CM3000, Leica), mounted on poly-L-lysine-coated glass slides (Menzel-Gläser, Nußloch, Germany), and dried. Sections were fixed for 10 minutes at -20°C in methanol and washed in PBS.
Cultured cardiomyocytes were rinsed briefly in PBS, fixed in 4% PFA/PBS for 15 minutes at room temperature, and permeabilized with 0.3% Triton X-100 and 1% BSA in PBS at room temperature. In general, immunostaining of sections and of cultured cells was performed as described previously (Wegmann et al., 2004) .
Electron microscopy and periodic acid-Schiff staining For electron microscopy, embryonic hearts of wild type and CAR null mice (E10.5-E11.5) were fixed for 2 hours in 2.5% glutaraldehyde (Paesel & Lorei, Hanau, Germany) in Hank's modified salt solution (HMSS) at 4°C. Specimens were transferred to 0.1 M cacodylate buffer, pH 7.4, postfixed for 1 hour in 1% osmiumtetroxide (Paesel & Lorei) in cacodylate buffer, washed again and dehydrated in a graded ethanol series. The 70% ethanol step was saturated with uranylacetate for contrast enhancement and carried out at 4°C over night. Dehydration was completed with propyleneoxide. Specimens were embedded in Araldite (Serva) and polymerized for 48 hours at 60°C. Ultrathin sections were cut using an Ultracut R (Leica), stained with lead citrate and observed in a Zeiss EM 10 transmission electron microscope. The periodic acid-Schiff (PAS) reaction was performed at semithin sections after removal of Araldite with concentrated NaOH in 100% ethanol for 1 hour. The sections were washed several times in 100% ethanol, air-dried, and incubated with 1% periodic acid (Merck) for 10 minutes, washed in distilled water for 5 minutes, incubated in Schiff's reagent (Sigma) for 15 minutes, washed in tap water for 15 minutes and counterstained with Mayer's Hemalaun (Merck) for 5 minutes to turn blue with tap water. Then, the sections were dehydrated in an ethanol-xylol series and mounted in Pertex (Medite, Burgdorf, Germany). For control, paraffin sections were incubated with amylase (Aspergillus niger: 100 mg per 10 ml; Roche) for 1 hour at 37°C.
BrdU incorporation
Timed pregnant mice at E11.5 were injected intraperitoneally with 50 mg kg -1 body weight of 5-bromo-2′-deoxyuridine (BrdU, Sigma) in PBS 2 hours before sacrificing. Embryos were dissected from the uterus, embedded in Tissue Tek ® O.C.T. (Sakura Finetek), and sectioned in the transverse orientation. BrdU labeling and visualization of cardiomyocytes using sarcomeric α-actinin antibodies was performed as described previously (Fedrowitz et al., 2002) .
TUNEL staining TUNEL assays were performed using the In Situ Cell Death Detection Kit (Roche) according to the manufacturer's recommendations with minor modifications to co-stain for sarcomeric α-actinin. Prior to incubation in the TdT enzyme reaction mixture, sections were exposed to sarcomeric α-actinin antibodies, washed, and incubated with Cy3-conjugated secondary anti-mouse antibodies.
Results

Targeted disruption of the CAR gene causes embryonal lethality
The targeting construct used to disrupt the CAR gene was generated such that most of the first exon was replaced by a neomycin expression cassette leading to the deletion of the start codon of CAR (Fig. 1A) . Mice heterozygous for the intended gene disruption showed the expected 6.4 kb hybridization signal for the disrupted locus in addition to the 8 kb signal for the wild-type locus in Southern blot analysis using internal probes (Fig. 1B) . Hybridization with the neomycin probe failed to detect any additional sites of integration. PCR analysis of DNA of wild type, heterozygous and homozygous mutant embryos revealed a 1.5 kb product for the mutated allele and a 1 kb product for the wild-type allele (Fig. 1C) . Western blots of SDS-PAGE sample buffer extracts of wild type, heterozygote and homozygote embryos revealed that the protein level of CAR was reduced in heterozygous animals whereas the protein was undetectable in homozygous mutant embryos (Fig. 1D) .
Heterozygous mice were viable and apparently normal. Genotyping the offspring of mated heterozygous mice revealed that homozygous mice were embryonal lethal. The embryos died between E11.5 and E13.5 post coitum (p.c.) with viable CAR -/-embryos still present at Mendelian ratios at E10.5, and reduced ratios of 17% at day 11.5, and only 7% and 0% at E12.5 and E13.5, respectively (Table 1) .
To analyze the expression of CAR in the embryo by immunohistochemistry we generated rabbit antibodies by immunizing with a recombinant CAR-Fc fusion protein.
Purified CAR-Fc was used for immunization as well as for affinity purification of the antibodies. Antibodies recognizing the Fc-part of the fusion protein were removed with IgG affinity columns. The specificity of the affinity purified antibodies was demonstrated in immunoblots on CARtransfected CHO cells, as shown in Fig. 1E and by fluorescence staining of the heart region of E11.5 CAR +/+ and CAR -/-embryos as shown in Fig. 1F .
Overall vascularization of CAR-deficient embryos is normal except for the dilatation of large vessels
To analyze potential effects of the CAR deficiency on overall vascularization, blood vessels of CAR +/+ and CAR -/-embryos at stages E10.5 and E11.5 were visualized by whole mount staining with antibodies against PECAM-1. Only embryos of the same litter were compared and five embryo pairs were analyzed in total. As shown in Fig. 2 , CAR -/-embryos showed a well-developed peripheral vascular system at E10.5 as well as E11.5 with no obvious differences to the wild-type embryos. To examine larger blood vessels in deeper layers of embryonal tissue, paraffin sections of E11.5 embryos were analyzed. Sections were taken from corresponding regions at the position of the posterior limb buds. We detected strong dilatations of the cardinal veins and the aortae in CAR -/-embryos (Fig. 2) .
CAR deficiency does not affect the embryonal-maternal interphase of the placenta Developmental defects that lead to embryonal lethality during mid-gestation are usually either due to defects in the development of the placenta or of the cardiovascular system. The labyrinth layer of the placenta is the region where the material exchange between the maternal and fetal blood system occurs. This layer is often underdeveloped in mutants with defective placental function. The fetal blood vessels are outlined by endothelial cells, whereas the maternal blood supply passes through arterial sinuses where the endothelial cells have been replaced by trophoblast cells. We stained sections of paraffinembedded placental tissue with a mAb against the endothelial marker endomucin. Due to the lack of endothelial cells in maternal sinuses, staining of endothelium selectively marked embryonal blood vessels in the labyrinth layer. As shown in Fig.  3A , the labyrinth layer of CAR -/-placental tissue was not underdeveloped suggesting that the overall organization of this layer was unaffected in mutant embryos. The only morphological changes that we detected were restricted to modest dilatations of fetal blood vessels within the labyrinth zone (Fig. 3A) . Analysis of the expression pattern of CAR within the labyrinth layer of the placenta revealed that CAR was expressed on trophoblast cells, whereas endothelial cells that were identified by staining for PECAM-1 were clearly negative for CAR (Fig. 3B) . We conclude that the overall organization of the maternal fetal interphase in the placenta is not affected, except for some modest dilatations of embryonal blood vessels.
CAR is not expressed on embryonal endothelial cells
Since we observed dilatations in blood vessels of CAR -/-Journal of Cell Science 118 (15) embryos and controversial results have been published on the expression of CAR on endothelium, we analyzed the expression of CAR in sections of E11.5 embryos. For comparison, the same sections were stained for the endothelial junctional protein ESAM. We found CAR to be strongly expressed in cells of the developing spinal cord and the ependyma, in epithelial cells of esophagus and the developing lung, and in the myocard and the pericard of the heart (Fig. 4) . We did not detect any endothelial staining for the marker ESAM that showed co-localization with the staining for CAR. Importantly, double staining for CAR and smooth muscle actin showed that smooth muscle cells of large vessels were also devoid of CAR expression (Fig. 4) . The lack of CAR expression in cells of the blood vessel wall renders it unlikely that disruption of the expression of CAR in mouse embryos would directly cause blood vessel dilatation. Therefore, we assume that blood vessel dilatation is a secondary effect of deficits caused by the lack of CAR elsewhere.
CAR deficiency causes abnormal heart formation Preparations of E11.5 CAR -/-embryos usually revealed enlarged pericards due to edema formation (Fig. 5A ). Since pericard swelling is usually a sign for insufficient heart function, we analyzed the morphology of the heart in more detail. Crosssections of the heart of E11.5 embryos of CAR -/-and CAR +/+ littermates revealed that the lumen of the ventricles in CAR -/-embryos was smaller (Fig. 5B ). Trabeculation was not significantly altered. However, the heart of E11.5 CAR -/-embryos contained clearly enlarged cushions and only a single atrioventricular canal was observed whereas CAR +/+ embryos of the same developmental stage (littermates) already contained the two atrioventricular canals connecting the developing right atrium with the right ventricle and the left atrium with the left ventricle (Fig. 5B ). This clear difference between the hearts of CAR -/-and CAR +/+ embryos, which was observed in five out of six embryo pairs, represented a clear sign for delayed heart development in CAR -/-embryos.
To see whether the reduction in ventricle size or the delay of morphological development of the heart would be affected by a reduction in cell proliferation of cardiomyocytes, sections of the hearts of in utero BrdUlabeled embryos of CAR -/-and CAR +/+ littermates were analyzed by visualizing incorporated BrdU with antibodies. Cardiomyocytes were marked with antibodies against sarcomeric α-actinin. As shown in Fig. 6 , no obvious difference in the density of proliferating cells was observed between CAR deficient and wild-type embryos. Investigating heart sections of E11.5 embryos of CAR -/-and CAR
littermates for the presence of apoptotic cells by means of TUNEL staining did not show significant signs of apoptosis in either of the two genotypes (Fig. 6) . We conclude that neither proliferation nor apoptosis were abnormal in hearts of this stage in CAR -/-embryos.
Ultrastructural analysis of cardiomyocytes of CARdeficient embryos reveals fewer myofibrils organized in a parallel fashion Since cardiomyocytes are the major cell type in the heart that express CAR, we analyzed these cells on the ultrastructural level. Again, E11.5 CAR -/-and CAR +/+ embryos of the same litter were compared. Transmission electron microscopy revealed that cardiomyocytes of ventricular trabeculae of CAR -/-embryos showed consistently myofibrils with reduced diameters (Fig. 7) . On average, the diameters of myofibrils were 0.3 μm in mutant cells and ranged from 1 to 1.5 μm in wildtype cells. Numerous micrographs also showed a reduced number of myofribrils and a lack of close arrangement beside each other. In addition, myofibrils were shorter and contained a smaller number of sarcomers (not shown). We observed on average 12-15 sarcomers consecutively linked to each other in longitudinal sections of wild-type cardiomyocytes, whereas sections of mutant cells contained only 4-6 consecutive sarcomers. In addition, myofibrils were often found to be isolated within the cytosol. Occassionally, Z-discs were lacking. These alterations were never observed in cardiomyocytes of wild-type embryos that always contained well-organized thick myofibrils. It is likely that these defects in myofibril organization and content in CAR -/-cardiomyocytes would affect the capacity of these cells to contract.
Other changes in CAR -/-cardiomyocytes concerned the mitochondria that were grossly enlarged and often shaped in a ring-like fashion. In addition, some mitochondria displayed very high electron density, which was never observed in wildtype cardiomyocytes. Besides the mitochondrial abnormalities, cardiomyocytes of the mutant embryos contained large accumulations of glycogen granules, which could be visualized in the light microscope by periodic acid Schiff staining for polysaccharides (Fig. 7) . These changes in mitochondrial morphology and in glycogen granule content in cardiomyocytes of the mutated embryos are reminiscent of similar effects that can be observed in cardiomyocytes of infarcted areas of the heart. Possibly, these changes could be secondary effects caused by suboptimal functioning of the cardiomyocyte contraction machinery.
Isolated cultured cardiomyocytes of CAR -/-embryos are defective in organizing myofibrils
To analyze further the deficits in myofibril organization in CAR -/-embryos, we isolated cardiomyocytes of E11.5 CAR -/-and CAR +/+ littermates and visualized their myofibrils by immunofluorescence microscopy after 3 days of culture. As shown in Fig. 8 , we found that the organization of myofibrils in CAR -/-cells was chaotic. Whereas wild-type cardiomyocytes occasionally also displayed a lower grade of perfect parallel organization of myofilament bundles and intracellular areas devoid of myofibrils, a large fraction of wildtype cells showed perfect myofibril organization and close packing of most of the intracellular space with parallel myofibrils (Fig. 8 ). Such cells with perfectly organized and densely packed myofilament bundles were very rarely seen among cultured CAR -/-cardiomyocytes. Cultured cardiomyocytes of wild-type embryos expressed CAR at cell contacts (Fig. 9A) . Since N-cadherin was recently reported to be involved in myofibril continuity across plasma membranes and thus in the spatial organization of myofilament bundles, we tested whether its expression or subcellular Upper row: 2 hours before preparing of E11.5 embryos, the pregnant mother was injected with BrdU. Cryostate sections of CAR +/+ and CAR -/-littermate embryos were stained for incorporated BrdU (red) and counterstained for sarcomeric α-actinin (blue) to mark cardiomyocytes. Micrographs show the area of the heart ventricles. For better visualization of the red staining, the lightness of the blue staining was enhanced. Bar, 100 μm. Bottom row: detection of apoptotic cells by TUNEL staining (green) of cryostate sections of E11.5 littermate embryos. Cardiomyocytes were stained for sarcomeric α-actinin (red). No significant signs of apoptosis were detected independently of the genotype. Bar, 200 μm.
localization would be affected in cultured CAR -/-cardiomyocytes. As shown in Fig. 9B , no difference was observed in N-cadherin cell contact staining between CAR -/-or CAR +/+ cells. Likewise, the intracellular binding partners β-catenin ( Fig. 9B ) and the junction protein ZO-1 (Fig. 9A) were normally localized at cell contacts in cardiomyocytes of both genotypes. In addition, double staining of cultured embryonal cardiomyocytes for β 1 -integrin and α-actinin (Fig. 9C) revealed, that the α-actinin banding pattern aligned in register with β 1 -integrin-based membrane structures, suggesting that the absence of CAR did not affect this association. Double staining for N-cadherin and α-actinin of CAR +/+ cardiomyocytes showed that myofibrils were correctly anchored at cell contacts and 'continued' into the neighboring cells across the plasma membrane (Fig. 9D ). This continuation of orientation was dramatically disturbed in CAR -/-cells, although cell contact regions were not devoid of myofibrils (Fig. 9D) . However, some contact sites of CAR -/-cells stained for N-cadherin were close to Z-disks detected by α-actinin staining. Thus despite the defects in proper organization and alignment and in continuation across membrane contacts, myofibrils in CAR -/-cells were still able to associate with N-cadherin and β 1 -integrin-containing membrane structures.
Discussion
In the present study, we demonstrate that CAR, a membrane protein with cell adhesion properties but unknown physiological function, is essential for embryonal development and formation of the cardiovascular system. Mice lacking CAR expression due to targeted gene disruption die during mid-gestation between E11.5 and E13.5. We found that Journal of Cell Science 118 (15) Most importantly large areas of the cytosol of CAR -/-cardiomyocytes were devoid of myofilament bundles and the thickness of these bundles was much reduced (arrows). Bar in A and B represents 0.5 μm, and in C and D 1 μm. (E,F) Semi-thin sections of E11.5 embryos of both genotypes were prepared and the heart region was stained for the accumulation of glycogen granula by periodic acid Schiff staining. Note that CAR -/-embryos showed a strong increase in glycogen storage. Bar, 25 μm.
cardiomyocytes showed a diminished density of myofibrils and that these myofibrils were reduced in thickness and showed defects in their arrangement and organization into parallel structures. In addition, abnormalities in endocardial cushion und atrioventricular canal formation in the heart and dilatations of blood vessels in various tissues were observed. Our results suggest that the lack of CAR expression leads to defects in cardiac function that cause embryonal lethality.
Since the placenta is the first organ to form during mammalian development, many genes that affect the survival of the embryo do this by disturbing the development of this vital organ. Placental defects that affect the exchange of nutrients and oxygen between the maternal and fetal circulation often lead to alterations of the labyrinth zone of the placenta that represents the interphase between both circulatory systems (Rossant and Cross, 2001) . Indeed, CAR is expressed in the placenta. We detected CAR on fetus-derived labyrinthal trophoblasts, and CAR has been described on extravillous trophoblasts of the human placenta (Koi et al., 2001) . However, histologic examination of the placenta of CAR -/-embryos did not reveal any major alterations of the placental structure, especially no signs for a reduction of the size of the labyrinth zone or for a reduction of the density of embryonal blood vessels in this zone were observed. Modest blood vessel dilatations that were frequently observed possibly represent secondary effects (see below). Thus, the CAR -/-deficiency does not seem to cause obvious structural derangements of the placenta.
The expression of CAR on endothelial cells is controversial and has been described in some reports (Carson et al., 1999; Nasuno et al., 2004; Vincent et al., 2004 ), yet others found no expression on endothelial cells (Noutsias et al., 2001) or endothelial expression only on capillary-like structures in infarcted areas of the heart (Fechner et al., 2003) . Increasing endothelial cell density was found to upregulate CAR expression (Carson et al., 1999) and TNF-α was reported to down regulate it (Vincent et al., 2004) . We analyzed the expression of CAR systematically throughout the embryo and compared it with the endothelial protein ESAM and a smooth muscle cell marker. Based on this we found no evidence for the expression of CAR on endothelial cells or vascular smooth muscle cells during those embryonal stages of development that we analyzed. In line with this we found no general defect in vascularization. Dilatations of larger blood vessels were the only changes that were frequently observed. Since CAR was not expressed in blood vessels it is unlikely that vessel dilatations represented a direct consequence of the CAR mutation.
Defects more likely to be primary effects of the CAR deficiency are those we found in the subcellular organization of cardiomyocytes, cells that strongly express CAR during normal embryonal development. The disturbance of myofibril organization and their reduced thickness suggest that cardiomyocytes of CAR -/-embryos are not fully functional. In line with this, hearts of E11.5 CAR -/-embryos usually showed edema formation and distended pericards, which are clear signs for insufficient heart function. Additional abnormalities in cardiomyocytes, such as enlargement of mitochondria and accumulation of glycogen granules, could possibly be the result of compensatory mechanisms, induced to balance insufficient cardiomyocyte function. Similar changes of mitochondrial shape and glycogen content have been observed in the so-called 'hibernating' myocard that describes myocard of reduced function in ischemic areas of the heart (Rahimtoola, 1985) .
Another major abnormality we observed in the hearts of E11.5 CAR -/-embryos were enlarged endocardial cushions and a single atrioventricular canal instead of two. Again neither the endocard in these areas nor the mesenchymal cells of the cardiac cushions expressed CAR in normal wild-type embryos. Thus, the lack of CAR expression would probably not directly affect these cells. The absence of two atrioventricular canals at this stage of embryonal development points towards a delay of normal heart development. It is well documented that a malfunctioning blood circulation and insufficient blood flow can indirectly affect the normal process of remodeling of the heart during development (Hogers et al., 1999; Berdougo et al., 2003; Huang et al., 2003) . In addition, it has been shown that normal blood flow is necessary for vessel development and insufficient flow can cause blood vessel dilatations (Conway et al., 2003) . Thus it is conceivable that the defects we observed in cardiomyocytes could lead to heart insufficiency as documented by the enlarged pericardium and that this could be the reason for the morphological malformations in the region of the endocardial cushion and the dilatations in larger vessels. It is remarkable that the defects in myofibril organization
Journal of Cell Science 118 (15) could even be observed in primary isolated cardiomyocytes that had been cultured for 3 days. This suggests that the myofibril defects observed in heart tissue were most likely not indirectly caused by a developmental delay in heart formation, but by a more cell autonomous effect related to the lack of CAR on these cells. CAR was reported to support homotypic cell adhesion of transfected cells (Honda et al., 2000; Cohen et al., 2001 ) and we found it to be expressed at cell contacts between cultured cardiomyocytes (Fig. 9) and to be recruited to cell contacts of transfected CHO cells, only if the neighboring cell expressed CAR too (not shown). It is possible that CAR could play a role in cell contact formation of cardiomyocytes. Nascent myofibrils are thought to initiate assembly by interacting with the actin cytoskeleton at the plasma membrane (Lin et al., 1989) . Thus, cell adhesion proteins are likely to be involved in the organization of myofibrils. Indeed N-cadherin that associates via catenins to the actin cytoskleton has been described as being involved in myofibrillogenesis, since antibodies blocking N-cadherin function and dissociating cell contacts between myocytes also disrupted myofibril organization (Goncharova et al., 1992; Soler and Knudsen, 1994; Wu et al., 1999) . More recently, however, it was found that the overall myofibrillogenesis was normal in N-cadherin deficient cultured cardiomyocytes, whereas the organization of myofibrils and the continuity of the orientation of myofibrils across the plasma membrane to the neighboring cell were disturbed (Luo and Radice, 2003) . Interestingly the absence of CAR leads to misalignment of myofibrils across the plasma membrane suggesting that N-cadherin and CAR may both be required for proper myofibril orientation. In this context it may be interesting that CAR was recently reported to coimmunoprecipitate with β-catenin (Walters et al., 2002) . Cell substratum adhesion receptors are also likely to be involved since it was found that lack of the β 1 -integrin chain affects normal sarcomeric architecture in cardiomyocytes differentiated from β 1 -integrin deficient embryonic stem cells (Fassler et al., 1996) .
The association of CAR to intracellular binding partners will probably be key to understanding how the lack of CAR expression on cardiomyocytes could lead to the defects in myofibril organization. CAR was recently found to associate with the intracellular membrane and junction associated PDZscaffold proteins MAGI-1b, PICK and PSD-95 (Excoffon et al., 2004) , MUPP-1 (Coyne et al., 2004) and LNX (Sollerbrant et al., 2003) . Other CAR related members of the CTX subfamily of the Ig-SF proteins are also adhesion molecules and bind to PDZ domain proteins. JAM-A has been shown to be important for the establishment of epithelial cell polarity and binds to PAR-3, ZO-1 and AF-6 (Ebnet et al., 2000; Ebnet et al., 2001; Itoh et al., 2001 ). PAR-3 is known to be essential for the formation of epithelial cell polarity (Joberty et al., 2000; Johansson et al., 2000; Lin et al., 2000) . The endothelial specific ESAM binds to MAGI 1c (Wegmann et al., 2004) and was found to be involved in tumor angiogenesis (Ishida et al., 2003) . JAM-C can bind to similar PDZ proteins as JAM-A (Ebnet et al., 2003) . In testis, two other PDZ proteins that are important for cell polarity, PAR-6 and PATJ, were found to associate with JAM-C, and JAM-C was found to be essential for the formation of cell polarity during spermatid differentiation, leading to male infertility (Gliki et al., 2004) . In addition, the lack of JAM-C leads to postnatal lethality among 60% of newborne mice (Gliki et al., 2004) . All three proteins (JAM-A, JAM-C and ESAM) are associated with epithelial and/or endothelial tight junctions and also CAR was found close to tight junctions in epithelial cells. Whereas targeted gene disruptions for JAM-A and ESAM have not caused any defects in embryonal development, with JAM-C (Gliki et al., 2004) and CAR (this study) now two members of the CTX family have been defined to be essential for the development of the mouse.
Besides the property to support cell adhesion, an inhibitory activity on cell growth has been attributed to CAR based on experiments with in vitro cultured bladder carcinoma cells ) and CAR transfected L cells (Excoffon et al., 2004) . Based on in utero BrdU incorporation experiments with wild-type and CAR -/-embryos we could not detect changes in the proliferation of cardiomyocytes within the heart. Thus the developmental defects we have observed are probably not related to growth regulatory functions.
In conclusion, our results show that CAR is required for the normal development of the heart, and for the formation of normal myofibrils and their parallel organization as a basis of normal sarcomeric architecture within cardiomyocytes. Given that CAR is upregulated in the adult heart upon ischemia induced infarction or dilated cardiomyopathy, it is possible that CAR might also be involved in repair mechanisms in the adult heart.
